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ABSTRACT 
Nickel-based weld overlays (cladding) are commonly used in oil & gas industry to extend the life of equip-
ment under corrosive environment, as it improves the corrosion resistance without a significant increase in 
the manufacturing cost, when compared to a full nickel-based alloy equipment. Although there are extensive 
literature involving overlays applied by SMAW, GMAW or GTAW processes, works about the use of 
FCAW process are limited. Consequently, an investigation of the performance of the overlays deposited by 
this process, which provides a higher productivity in comparison to the processes usually used, can be an 
interesting option for this application. 
The present work evaluates the mechanical and microstructural properties of the nickel-based superalloy 625 
weld overlay deposited on a ASTM A516 Grade 70 carbon steel plate by the flux cored arc welding process 
(FCAW), both in as welded and heat treated conditions. Bending and microhardness tests were performed in 
order to verify possible effects of welding thermal cycles on the mechanical properties. The microstructure 
was evaluated through both optical (OM) and scanning electron microscopy (SEM), with the use of electron 
backscatter diffraction (EBSD) technique. Corrosion tests were conducted on samples removed from the top 
layer of the weld overlay according to ASTM G 48 Method A. All results obtained with this welding process, 
in both as welded and heat treated samples, were considered satisfactory. 
Keywords: Clad; Inconel 625; FCAW; post weld heat treatment. 
 
1. INTRODUCTION 
According to TRINDADE et al. [1], although C-Mn steel pipes are extensively applied in the oil & gas indus-
try, the challenge to overcome the corrosion severity caused by sour (H2S, CO2) species present in the petro-
leum and its derivates is still a big issue. An interesting technological solution would be to replace the C-Mn 
steel by Ni-based superalloys. Nickel-based superalloy Inconel-625 is widely used in aeronautical, aerospace, 
chemical, petrochemical and marine industries due to its good combination of mechanical properties, welda-
bility and resistance to high-temperature oxidation/corrosion on prolonged exposure to aggressively hostile 
environments [2-5]. The performance of Ni-based alloys is associated with the face-centered cubic (FCC) 
matrix that can be strengthened by solid-solution hardening, carbide precipitation and/or precipitation hard-
ening of intermetallics. Iron, chromium, molybdenum, niobium, tungsten, titanium and aluminum are solid-
solution hardening elements in nickel alloys [6]. 
    However, the high cost of superalloys limits their application from an economic point of view 
[1,4,5,7,8]. Consequently, in order to provide a cost-effective solution for this engineering challenge, clad-
ding or overlays with nickel-based alloys enters more and more into the focus of engineers [1,4]. In compari-
son with other methods, weld overlays are characterized by strong metallurgical bonding with the base mate-
rial, due to the interpenetration of the deposited and supporting materials; it is also relatively easy to produce 
an overlay free from pores or other defects [9]. In this respect, there are several initiatives in order to develop 
overlays and/or cladding procedures using nickel-based superalloys as an alternative for manufacturing 
equipment whose external or internal surfaces require specific properties [5,7-19].  
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           Usually, weld overlays are deposited by gas metal arc welding (GMAW) and gas tungsten arc welding 
(GTAW) processes [3,4,7,10,11,14,17-22]. GTAW is very often used for cladding of critical parts especially 
for offshore subsea equipment due to its very high quality welds, while GMAW is the most applied welding 
process in Europe, United States of America and Japan due to its higher deposition rate [4]. In order to evalu-
ate the possibility of an additional increase on the productivity by the use of another welding process as ver-
satile as GMAW, an investigation of the performance of the overlays deposited by flux cored arc welding 
process (FCAW) can be an interesting option for this application. 
           Considering that literature about the use of FCAW process is limited, this work evaluates the mechan-
ical, microstructural and corrosion properties of the Inconel 625 alloy weld overlays in both as welded and 
post weld heat treated conditions deposited by flux cored arc welding process (FCAW) on ASTM A516 
Grade 70 carbon steel base metal, due to the higher deposition rate promoted by this welding process when 
compared to others.  The effect of post welding heat treatment is also studied, since sometimes it is recom-
mended to relief residual stress, reduce hydrogen content or homogenize the microstructure [10, 19, 23, 24]. 
 
 
2. MATERIALS AND METHODS 
ASTM A516 Gr. 70 carbon steel plates with dimensions of 12.5x200x230 mm (thickness x width x length) 
were used as substrate material. The weld overlay was produced with a 1.2 mm-diameter wire with the chem-
ical composition based on AWS ENiCrMo3T1-4 specification [25], resulting in a nickel-based superalloy 
625 weld overlay. Table 1 shows the chemical composition of both materials. 
Table 1: Chemical composition of the filler and base metal (wt %). 
MATERIAL / ELEMENT C Si Mn Ni Cr Mo Nb Fe 
ASTM A 516 Gr. 70 – Base Material 0.15 0.2 0.95 0.01 0.02 0.01 - Bal. 
Consumable 0.05 0.4 0.4 Bal. 21.0 8.5 3.3 <1.0 
 
Welding was performed at flat position with forty passes in three layers by the FCAW process, as 
schematically illustrated in Figure 1. A 5-mm-thick cladding was obtained, being this dimension above the 
required 3-mm-thick weld overlay after finished procedures [26]. A 75%Ar-25%CO2 mixture was used as 
shielding gas, with a flow rate of 16 l/min. Direct current, with a preheat of 20°C and an interpass tempera-




Figure 1: Scheme of the applied welding layers. 
Table 2: Welding Parameters. 
PASS LAYER CURRENT (A) VOLTAGE (V) WELDING ENERGY (kJ/ mm) 
1 -15 1 167 38 0.66 
16 – 28 2 185 38 0.72 
29 - 40 3 185 38 0.72 
 
After welding, the joints were submitted to a post weld heat treatment (PWHT) at 620°C for 10 hours, 
followed by air cooling. The overlays were analyzed in both as welded and after PWHT conditions. 
The metallographic examination was conducted on samples taken transversally to the weld bead. The 
samples were carefully ground with emery paper up to 1200 grid and polished using diamond paste with 6 
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m, 3 m and 1 m. The microstructure was observed via optical microscopy (OM) and scanning electron 
microscopy (SEM) in secondary electrons and backscattered modes. Additionally, quantitative analysis of 
secondary phases was performed by selecting five different fields which were observed with SEM by using 
the backscattered mode with a nominal magnification of 1000X. The images were collected at around 3 mm 
from the fusion line. Then, the binarization of the images was performed, followed by the calculation of 
phase fraction and the average size of the secondary phases. A statistical analysis of the results was per-
formed. For the binarization and particle analysis, the Image J software was used.  
Electron Backscattered Diffraction (EBSD) analysis was performed as well. In that case, after polish-
ing, the samples were submitted to an additional final polishing in a colloidal silica solution with 0.25 m. 
The EBSD maps were collected with SEM operating at 20 kV and with step size between 1 and 4 m. Semi-
quantitative analyses of the main elements were assessed by energy dispersive spectroscopy (EDX). The 
global dilution was determined in the transverse cross-section by the ratio between substrate diluted area and 
total diluted area with the aid of the AutoCAD software. Both areas were measured and the ratio between 
them was calculated.  
For the evaluation of mechanical properties, bending and hardness tests usually apply, as required by 
the procedures used for qualification of welds [27]. In this respect, four guided side-bend tests with bend ra-
dius of 180° were performed at room temperature on test specimens removed transversally to the weld depos-
its, in accordance with ASME IX [27]. Vickers hardness measurements with a load of 500 gf were conducted 
along the transverse cross-section of the deposits at points located at the weld metal, fusion line and substrate. 
Chemical analyses were performed at different positions from the fusion line, by means of optical 
emission spectroscopy. 
Finally, corrosion tests according to ASTM G 48 Method A [28] were performed at 40°C for 24 hours 
on specimens with dimensions of 50x25x3 mm. 
 
 
3. RESULTS AND DISCUSSION 
The increase in the deposition rate performed by electric arc welding processes may cause damages to the 
quality of the overlay, as a consequence of changes in penetration, dilution and mechanical properties. Con-
sequently, conventional arc welding processes, such as GTAW, GMAW and SMAW processes, are usually 
used. However, by adopting adequate welding procedures, it can be possible to achieve the requirements for 
good performance of the overlays, as observed in the present work.  In fact, as showed in Figure 1, the use 
FCAW process allowed a weld overlay free of defects with a deposition rate of 3.25 kg/h. In addition, it was 
calculated a dilution rate of 9.6%, which can be considered low when compared to GMAW and SMAW pro-
cesses, where rates greater than 10% are usual [4,15,17,18,29,31]. This is an important result, once the dilu-
tion has a strong effect on the corrosion resistance [32]. With such characteristics, FCAW is able to provide 
overlays with the necessary quality and significant gain in productivity, once it allows deposition rates higher 
than those promoted by the other processes. The results obtained in the present work are compatible with 
those obtained by other authors [11, 18, 28, 30].   
 
 
Figure 2: Macrography of the weld overlays. Etching: Aqua Regia. 
 
Figure 3 shows the presence of Partially Diluted Zones (PDZ) along the fusion boundary. According 
to OMAR [33], these discontinuous and hard zones primarily along the fusion line can often lead to in-
service failures, once they may cause the dissimilar weld to be susceptible to localized pitting corrosion at-
tack, hydrogen embrittlement and sulfide stress cracking. These zones are usually associated with the pres-
ence of high-hardness martensite (higher than 400 HV) [8,29,30,34-36] and can promote a deleterious influ-
ence on the corrosion resistance of dissimilar metal welds for sour service. Although the occurrence of PDZ 
(Figure 3) and grain boundaries of Type II have been observed (Figure 4), no evidences of cracking or dis-
bonding were verified. These results are supported by the bending (Table 3) and corrosion tests (Table 4), 
which showed satisfactory results for all conditions. 
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As expected [8, 21, 23, 24, 30, 31, 35-38], martensite is the microstructural constituent observed at 
PDZ. It is important to notice the difference of morphology between the martensite in the PDZ and the mar-
tensite close to the fusion line (Figure 5); this difference can be attributed to the chemical composition, once 
the martensite of PDZ is richer in carbon. Consequently, lower hardness is expected for the martensite ob-



















Figure 3: Optical microscopy near the fusion line showing occurrence of PDZ. Etching: 10% Oxalic Acid for weld metal 





Figure 4: Martensite (M) at CGHAZ and grain boundaries of type II at weld metal (T) as observed by EBSD. 
Table 3: Results of bending tests. 
 
CONDITION RESULTS (*) COMMENTS 
As welded Approved No evidence of discontinuities  
PWHT Approved No evidence of discontinuities  
(*) Acceptance criteria [27] - no open discontinuity exceeding 1.6 mm measured in any direction in the cladding and no 
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Table 4: Results of corrosion tests according to ASTM G48 [28]. 
CONDITION PITTING WEIGHT LOSS (g/m²) 
As Welded No 0.34 
Post Weld Heat Treated No 0.34 




CGHAZ (254 HV0.5) PDZ (376 HV0.5) 
 
Figure 5: Detail of martensite present at different positions for the overlay. Etchant: Nital 2%.  
 
 
Figure 6: Hardness measurements at specific positions from the fusion line. 
 
With respect to the weld metal, Figure 7 shows a fully austenitic microstructure with a solidification 
form that mainly appears in Inconel cladding steel materials [13]. Moreover, a high level of segregation and 
different types of secondary phases (SP) is observed (Figure 8). EDS analysis of weld metal, in dendritic and 
interdendritic regions (Table 5), confirmed that primary face centered cubic γ (Ni-FCC) dendrites are richer 
in Ni and Cr and in the interdendritic regions a higher percentage of Nb and Mo is observed. Based on the 
results presented in Table 5, the values of the partition coefficient calculated for Nb (0.52), Mo (0.99), Cr 
(1.09) and Ni (1.12), indicate that Mo and Nb segregate during solidification into the liquid and, once solidi-
fication is finished, the interdendritic regions are considerably enriched with these elements, since values of k 
for Mo and Nb are lower than 1. These results are in accordance with other works [3,6,8,12,14,19, 39, 40]. 
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Table 5: Elemental composition range (wt.%) of secondary phases and the austenitic matrix measured via EDS microa-
nalysis. 
 
POSITION / ELEMENT, wt% Cr Ni Mo Nb 
Matrix (ID) 14.46 44.07 6.33 1.83 
Matrix (D) 15.72 49.21 6.38 0.96 
SP1 12.49 36.48 19.58 18.77 
SP2 8.33 15.81 10.75 68.40 
Where: D – Dendritic region; ID – Interdendritic region; SP – Secondary Phase 
 
 





Figure 8: Microstructure of the weld metal (SEM); Etching: CrO3 electrolytic. 
 
            D – Dendritic region; ID – Interdendritic region; SP – Secondary Phase  
 
According to CIESLAK et al. [41], niobium free alloys solidify in a simple L → γ transformation 
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without any eutectic-like reaction and exhibit a relatively narrow solidification temperature range. On the 
other hand, Nb-bearing alloys solidify according to an eutectic-type reaction between γ and several Nb-rich 
phases such as NbC and Laves. DU PONT et al.[23] state that the following sequence occurs in Nb-bearing 
alloys: L → L + γ → L + γ + NbC → L + γ + NbC + M6C → L + γ + NbC + M6C + Laves → γ + 
NbC + M6C + Laves. 
Estimates of secondary phases formed during welding were made using Thermo-calc software, based 
on the TTNI8 database. The occurrence of Laves phase and NbC are predicted by the pseudo-binary diagram 
(Figure 9) which shows that the Laves phase is favored by the increasing Nb contents. It is important to re-
mark that pseudo binary phase diagrams are more adequate to estimate phases than the Scheil diagrams, due 
to the repetitive thermal influence from the several welding passes. Although many other phases are predict-
ed, they were not observed, which can be attributed to the precipitate-formation kinetics [42]. 
Considering the above discussed, associated with the results obtained by EDS analysis (Table 5) and 
the findings of many other authors [3,8,12,23,39,40,43-46], it seems reasonable to point out the very low 
proportion of secondary phases observed in the present work (Table 6) as Laves phase rich in Mo and Nb and 
Nb carbides.  
 
Figure 9: Pseudo-binary diagram obtained from Thermo-Calc software. 
 
 
Table 6: Secondary phase fraction for as-welded and PWHT conditions. 
CONDITION PHASE FRACTION OF SECONDARY PHASES (%) 
As welded 0.422 
PWHT 0.354 
 
As expected, due to low welding energy applied, a microstructure composed primarily by martensite 
at CGHAZ was observed by SEM (Figure 5) and confirmed by EBSD technique (Figure 4) [47-50]. However, 
as a consequence of reheating due to multiple passes, low hardness was observed at this region (Figure 6) due 
to the tempering of the martensite. 
Although the mechanical properties of solid solution strengthened nickel-based alloys are often ap-
propriate for the specific application in the as-welded condition, PWHT is sometimes recommended to the 
relief of residual stresses of industrial components [19,23,51-54]. In addition, PWHT can contribute to the 
mechanical properties of the HAZ. In this respect, SHARMA et al. [55] state that if the PWHT is conducted 
at an appropriate temperature and time, the welded joint exhibits good mechanical properties. However, if the 
PWHT temperature is too low or too high, the properties can be inadequate due to insufficient or over tem-
pering effect.   
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Particularly in regard to the nickel-based superalloy Inconel-625, some works [2, 10, 46, 56] studying 
the effect of PWHT for temperatures between 600°C and 700°C did not observe considerable changes on the 
microstructure and mechanical properties of weld metal, as observed in the present work. At the heat affected 
zone (HAZ), PWHT promoted the tempering of martensite with the consequent reduction of hardness at 
CGHAZ (Figure 6). The results of hardness tests are in accordance with the microstructure observed (Figure 
5) and are consistent with those obtained in other works [57-59].  
Considering all results obtained in the present work, a good performance is also expected on corrosion 
tests for all conditions. Indeed, as stated by Zaharani et al. [60], by decreasing the heat input and, particularly 
for FCAW process, increasing the deposition rate the dilution level and Fe content in the overlay will be min-
imized. This can lead to improving the corrosion resistance of the weld overlay. The results showed in Table 
4, confirm that all requirements are achieved, as well as they do not show significant differences for the con-
ditions considered in this work. Basically, this behavior can be attributed to the association of low dilution ( < 
10%), and Fe content inferior to 5% at 3.0 mm from fusion line (Table 7 and Figure 10), which is the rec-
ommended minimum thickness required for weld overlay applied in corrosive hydrocarbon systems [7, 8, 15, 
18, 46, 61, 62]. In addition, these results are in accordance to other works [17, 46, 60, 63], which states that 
satisfactory corrosion results are obtained when welding parameters and dilution are controlled.  
The association of all evidences discussed previously allows the conclusion that the weld overlay per-
formed by FCAW process with higher productivity, resulted in adequate properties for all conditions, despite 
the secondary phases and the occurrence of PDZ. All requirements for mechanical and corrosion tests were 
met and PWHT performed at 620°C did not promote significant changes on the properties. This confirms the 
feasibility of the application of the FCAW process for nickel based superalloy Inconel 625 weld overlays. 
Table 7: Chemical composition at different positions from fusion line. 
ELEMENT (wt%) DISTANCE 
FROM THE FUSION LINE (mm) 
C Cr Ni Mn Si Mo Nb Ti Fe 
5.67  0.02 20.22 Bal. 0.02 0.42 8.77 3.09 0.06 1.19 
4.00 0.02 19.97 Bal. 0.02 0.42 8.64 3.05 0.04 2.08 
2.00 0.03 19.78 Bal. 0.04 0.41 8.26 2.84 0.04 4.69 
1.00 0.05 17.27 Bal. 0.18 0.39 6.76 2.38 0.03 16.76 
0.00 0.09 15.48 Bal. 0.33 0.34 5.58 1.68 0.02 28.33 
1.00 0.23 0.79 1,59 1.09 0.26 0.21 0.12 0.03 95.60 
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4. CONCLUSION 
The results obtained in the present work confirms the feasibility of the FCAW process as an interesting alter-
native for nickel based superalloy Inconel 625 weld overlays, since satisfactory mechanical and corrosion 
properties were obtained, despite the secondary phases and the occurrence of PDZ, for the as welded and 
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